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 17 
Abstract 18 
Metagenomic analysis of fecal samples suffers from challenges in comparability 19 
and reproducibility that need to be addressed in order to better establish 20 
microbiota contributions to human health. To test and improve current 21 
protocols, we quantified the effect of DNA extraction on the observed microbial 22 
composition, by comparing 21 representative protocols. Furthermore, we 23 
estimated the effect of sequencing, sample storage and biological variability on 24 
observed composition, and show that the DNA extraction process is the 25 
strongest technical factor to impact the results. We characterized the biases of 26 
different methods, introduced a quality scoring scheme and quantified 27 
transferability of the best methods across labs. Finally, we propose a 28 
standardized DNA extraction methodology for human fecal samples, and 29 
confirm its accuracy using a mock community in which the relative abundances 30 
are known. Use of this methodology will greatly improve the comparability and 31 
consistency of different human gut microbiome studies and facilitate future 32 
meta-analyses. 33 
Over 3000 publications in the past five years have used DNA- or RNA- based profiling methods to 34 
interrogate microbial communities in locations ranging from ice columns in the remote arctic to the 35 
human body, resulting in more than 160,000 published metagenomes (both shotgun and 16S rRNA 36 
gene)1. To date, one of the most studied ecosystems is the human gastrointestinal tract. The gut 37 
microbiome is of particular interest due to its large volume, high diversity and potential relevance to 38 
human health and disease. Numerous studies have found specific microbial fingerprints that may be 39 
useful in distinguishing disease states, for example diabetes2–4, inflammatory bowel disease5,6 or 40 
colorectal cancer7. Others have linked the human gut microbial composition to various factors, such 41 
as mode of birth, age, diet and medication8–11. Such studies have almost exclusively used their own 42 
specific, demographically distinct cohort and methodology. Given the many reports of batch effects12 43 
and known differences when analyzing data generated using different protocols13–18, comparisons or 44 
meta-analyses are limited in their interpretability. For example, healthy Americans from the HMP 45 
study showed lower taxonomic diversity in their stool than patients with inflammatory bowel disease 46 
(IBD) from a European study19, although it is established that IBD patients worldwide have reduced 47 
taxonomic diversity20. It is thus currently very difficult to disentangle biological from technical 48 
variation when comparing across multiple studies21.  49 
In metagenomic studies, the calculation of compositional profiles and ecological indices is preceded 50 
by a complex data generation process, consisting of multiple steps (Figure 1), each of which is subject 51 
to technical variability22. Usually, a small sample is collected by an individual shortly after passing 52 
stool and stored in a domestic freezer, prior to shipment to a laboratory. The location within the 53 
specimen that the sample is taken from has been shown to impact the measured composition23, 54 
which is why in some studies24 larger quantities were homogenized prior to storage in order to 55 
generate multiple, identical aliquots. Furthermore, different fixation methods can be used to 56 
preserve the sample for shipping and long-term storage. Freezing at below -20°C is the standard, 57 
though more practical alternatives exist23–25. Eventually, the sample is subjected to DNA extraction, 58 
library preparation, sequencing and downstream bioinformatics analysis (Figure 1). 59 
  
Here we examined the extent to which DNA extraction influences the quantification of microbial 60 
composition, and compared it to other sources of technical and biological variation. The majority of 61 
the protocol comparison studies to date have used a 16S rRNA gene amplification approach, which 62 
suffers from additional issues. Specifically, the choice of primer, PCR bias and even the choice of 63 
polymerase can affect the results26, which may lead to different conclusions when performing the 64 
same DNA extraction comparison in a different setup – issues that are minimized using metagenomic 65 
sequencing. We compared a wide range of extraction methods, using metagenomic shotgun 66 
sequencing, in respect to both taxonomic and functional variability, while keeping all other steps 67 
standardized. We investigated the most commonly used extraction kits with varying modifications 68 
and additional protocols which do not make use of commercially available kits (see Supplementary 69 
Table 1 and Supplementary Information). While other studies have previously investigated the 70 
differences between extraction methods in a given setting12,15,16,27, we here systematically tested for 71 
reproducibility within and across laboratories on three continents, by applying strict and consistent 72 
quality criteria. We further assessed the accuracy of the best performing extraction methods by using 73 
a mock community of ten bacterial species whose exact relative abundance was known. This 74 
community included both gram-positive and gram-negative bacteria and their relative abundance 75 
spanned three orders of magnitude. Based on these analyses we recommend a standardized 76 
protocol for DNA extraction from human stool samples, which, if accepted by the research 77 
community, will greatly enhance comparability among metagenomic studies.  78 
Results 79 
Study design 80 
This study consisted of two phases. In the first phase, in order to assess the variability introduced by 81 
different extraction methods, we produced multiple aliquots of two stools samples (obtained from 82 
two individuals, referred to as sample A and B). Within two hours of emission, the samples were 83 
homogenized in an anaerobic cabinet to ensure that the different aliquots have identical microbial 84 
compositions, and subsequently aliquoted in 200mg amounts, frozen at -80°C within four hours and 85 
shipped frozen on dry-ice to 21 collaborating laboratories, spanning 11 countries over three 86 
continents. These laboratories employed extraction methodologies ranging from the seven most 87 
commonly used extraction kits (Invitek’s PSPStool, Mobio’s PowerSoil, Omega Bio Tek’s EZNAstool, 88 
Promega Maxwell, Qiagen’s QIAampStoolMinikit, Bio101’s G'Nome, MP-Biomedicals’s 89 
FastDNAspinSoil and Roche’s MagNAPureIII) to non-kit-based protocols (Supplementary Table 1 and 90 
Supplementary Information). Once extracted, the DNA was shipped to a single sequencing center 91 
(GENOSCOPE, France), which tested two different library preparation methods (see Methods), before 92 
performing identical sequencing and analytical methods in an attempt to minimize other possible 93 
sources of variation.  94 
In a second phase, after applying a panel of quality criteria, including quantity and integrity of 95 
extracted DNA, recovered diversity and ratio of recovered gram-positive bacteria, we selected five 96 
protocols (1, 6, 7, 9, and 15). Extractions were then performed in the original laboratory applying the 97 
protocol and in three other laboratories, which had not used the method before, in order to assess 98 
reproducibility of these protocols and their transferability between laboratories. For the same 99 
samples A and B, three replicates/aliquots were provided per sample per laboratory, as detailed 100 
above. To quantify the absolute extraction error of the selected protocols, a mock community 101 
consisting of 10 bacterial species that are generally absent in the stool of healthy individuals 102 
  
(Supplementary Table 2) was prepared, such that the cell density of all species in the mock 103 
community was determined. DNA was extracted from the mock alone as well as from eight 104 
additional samples, consisting of stool spiked with the mock in order to emulate a realistic setting. All 105 
extractions were done at a lab that had not previously used any of the three extraction methods, 106 
further testing the reproducibility of the methods. 107 
Quality control for DNA yield and fragmentation 108 
Maximizing DNA concentration while also minimizing fragmentation are key aspects to consider 109 
when selecting an extraction protocol. This is both because good quality libraries are required for 110 
shotgun sequencing and because protocols that consistently recover low yield or highly fragmented 111 
DNA are likely to skew the measured composition. We found considerable variation in the quantity of 112 
extracted DNA, in line with previous observations28 (Figure 2). For example, protocol 18 recovered 113 
100 times more DNA than protocols 3 and 12, and 10 times more than protocols 8, 19 and 20 (Figure 114 
2). Furthermore, there was considerable variation in the fragmentation of the recovered DNA, as 115 
measured by the percentage of total DNA in fragments below 1.8 kb in length; for example protocols 116 
4, 10 and 12 consistently yielded highly fragmented DNA while for protocol 1 no fragmentation was 117 
observed. For subsequent analysis, samples that yielded below 500ng of DNA or were very 118 
fragmented (median sample fragmentation above 25%), were not subjected to sequencing. In total, 119 
143 libraries, extracted using 21 different protocols passed the quality requirements imposed above, 120 
though as an example only four of 18 samples extracted with protocol 16 (one sample A and three 121 
sample B replicates) met the requirements (Supplementary Table 3). For other protocols, a small 122 
number of samples were discarded for lack of compliance with quality/quantity criteria.  123 
Quality control for variability in taxonomic and functional composition 124 
All metagenomes were compared with respect to taxonomic and functional compositions to quantify 125 
the relative abundances of microbial taxa and their respective gene-encoded functions (Methods). 126 
Briefly, based on the extracted DNA, shotgun sequencing libraries were prepared and subjected to 127 
sequencing on the Illumina HiSeq2000 platform, yielding a mean of 3.8 Gb (+/- 0.7 Gb) per sample. 128 
Raw sequencing data were then processed using the MOCAT29 pipeline and relative taxonomic and 129 
gene functional abundances were computed by mapping high-quality reads to a database of single 130 
copy taxonomic marker genes (mOTUs)19 and annotated human gut microbial reference genes30, 131 
respectively (Methods). 132 
There are, as outlined above (Figure 1), many steps in which sample handling can differ and batch 133 
effects can be introduced. The resulting variation in taxonomic and gene functional composition 134 
estimates should be considered in terms of both effect size and consistency: if protocol differences 135 
lead to an effect larger than the biological variation of interest (e.g. in an intervention study), it will 136 
mask that signal. Consistent “batch effects” will introduce bias that can distort any meta-analysis 137 
even if their absolute size is comparatively small. It is thus important to minimize these biases in 138 
order to facilitate cross-study comparisons.  139 
To contextualize the magnitude of the extraction effect, we compared the technical variation 140 
quantified here (caused by extraction protocol) to other technical and biological effects (Figure 3), 141 
assessed on available data from multiple other studies23,24,31 (Methods). The greatest difference was 142 
observed between individuals, though we note incongruences in the size of this effect between 143 
cohorts, due to the extraction method used; protocols that generally underestimate diversity will 144 
cause samples to look more similar to each other (Supplementary Figure 1). Next was the within 145 
  
individual variation, as measured between different sampling time points for the same individuals. 146 
This effect was much smaller than the between individual variation, resulting in individual-specific 147 
microbial composition preservation over time as noted before19,23,32. The smallest contributor 148 
observed, quantified on a small number of samples (n=7), was within specimen variation, resulting 149 
from sampling different parts of the stool itself23. In terms of technical sources of variation we have 150 
considered measurement errors (assessed through technical replication), library preparation, and 151 
effects introduced by the two most widely used preservation23,24 methods (fresh freezing and 152 
RNAlater). It is important to note that these effects have not all been measured independently of 153 
each other, resulting in some of the quantified variations being a convolute of multiple effects 154 
(Figure3 – checkboxes).  155 
Different distance measures can be used to assess the magnitude of these effects. We focused here 156 
on two, which are complementary in terms of the features of the data they consider and thus the 157 
dimensions, which become relevant. These distance measures were computed on both 158 
metagenomics operational taxonomic units (mOTUs21) and clusters of orthologous groups (COGs33) 159 
abundance data, to derive species and functional variation (see Methods). Firstly, we used a 160 
Spearman correlation to assess how well species abundance rankings are preserved and found that 161 
the variation between most extraction protocols is smaller than the technical within-specimen 162 
variation (summarized by the median, Figure 3a). This suggests that, with the exception of protocols 163 
8 and 12, all others recover comparable species rankings. Consequently, if only the ranks are of 164 
interest, most of the available protocols would provide highly comparable results. However, for 165 
many applications the abundances of the taxonomic units are important and need to be 166 
commensurable. Using a Euclidean distance (which cumulates abundance deviations) we found that 167 
many protocols were not comparable and actually introduce large batch effects at the species level, 168 
with the median between-protocol distance being higher than the within-specimen variation (Figure 169 
3a), hampering the comparability of samples generated with different extraction methods. To assess 170 
similarity between extraction protocol effects, we used principle coordinate analysis (PCoA, see 171 
Methods) to visualize these distance spaces (Supplementary Figure 2). These indicated that protocol 172 
12, and to a lesser extent also protocols 3, 8, 11, 16 and 18, had abundance profiles that were 173 
different from most of the other protocols. 174 
Analysis of functional microbiome composition, based on COGs (see Methods, Figure 3b), shows that 175 
the majority of extraction protocol effects were greater than biological variation within specimen and 176 
across time points within the same individual (Figure 3b), with some of them being greater even than 177 
between-subject variability. This may in part be due to the known relatively low variation between 178 
individuals in this space31,34 and would dramatically influence conclusions taken from comparative 179 
studies. 180 
Among the sources of technical variation, the within-protocol variation (i.e. measurement error) was 181 
consistently smallest, with the magnitude of the library preparation effect being comparable (Figure 182 
3a,b). The variation introduced by storage method (RNA Later vs. frozen) was larger than within-183 
protocol variation, and, as previously shown, smaller than within-specimen variation in taxonomic 184 
space23,24. 185 
Taken together, our analysis demonstrates that usage of different DNA extraction protocols resulted 186 
in large technical variation, both in taxonomic and in functional space, highlighting that this is a 187 
crucial parameter to consider when designing microbiome studies. 188 
  
Quality control for species-specific abundance variation 189 
Having quantified and contextualized the different biological and technical sources of variation, we 190 
next assessed the quality of different DNA extraction protocols18,28,35 by investigating species-specific 191 
effects and measured diversity. We argue that this provides a good proxy for the estimation accuracy 192 
and is in principle applicable to any metagenomic sample without additional sequencing and 193 
cultivation efforts.  194 
We investigated species-specific abundance variation to assess which were most influenced by the 195 
extraction protocols. For this, we compared the estimated abundance of a given species in all 196 
replicates of a given protocol to the abundances of that species in all replicates of all other protocols, 197 
by performing a Kruskal-Wallis test (see Methods). We then applied a false discovery rate (FDR) 198 
correction to the obtained p-values. Of the 366 tested species, we found 90 that were significantly 199 
affected by extraction protocol (q-value< 0.05). The majority of these were gram-positive, accounting 200 
for 37% (+/- 7%) of the sample abundance on average (Figure 4).  201 
These results are in line with previous observations that gram-positive bacteria are more likely to be 202 
affected by extraction method13,35 and are also to be expected based on our extensive knowledge of 203 
gram-positive cell walls and their considerably higher mechanical strength. These differences do not 204 
reflect the overall performance of any of the protocols, but highlight upper limits of the effect size 205 
that may be observed for these species. For a fair comparison, we contrasted the recovered 206 
abundance of some of the significantly affected species, to the mean of the top five highest 207 
estimates. This clearly showed that most protocols estimated considerably lower gram-positive 208 
bacteria fractions, while the variation in gram-negative abundance estimations is comparatively small 209 
(Figure 4).  210 
As the observed biases hint at protocol-dependent incomplete lysis of gram-positive bacteria, we 211 
hypothesized that this would correspond to decreased diversity. We thus evaluated whether 212 
diversity is a good general indicator of DNA extraction performance. Using the Shannon diversity, 213 
which accounts for both richness and evenness, we saw that the recovered relative abundance of 214 
gram-positive bacteria correlates with the observed diversity, with a higher fraction of gram-positives 215 
resulting in higher diversity (Supplementary Figure 3). Furthermore, we found dramatically reduced 216 
diversity in protocols already determined to perform poorly from a DNA quality perspective (i.e. 217 
protocols 3, 11 and 12) (Supplementary Figure 4). We conclude that a diversity measure is a good 218 
proxy for overall protocol performance and accuracy of the recovered abundance profile. 219 
Factors influencing DNA extraction outcome 220 
Using diversity as an optimality criterion, we determined protocol parameters that are significantly 221 
associated with this indicator (Figure 5). For this purpose we focused on protocols that use Qiagen 222 
kits15, namely numbers 5, 6, 8, 9, 11, 13, 15 and 20, which reduces the number of variables that can 223 
influence the outcome. We find that “mechanical lysis”, “zirconia beads” and “shaking” are positively 224 
associated with diversity. We note that there is no association with DNA fragmentation, as all of the 225 
samples extracted with these protocols had a low number of fragments below 1.8 kb (Figure 2). This 226 
was consistent with the notion that mechanical lysis and bead beating are necessary to efficiently 227 
extract the DNA of gram-positive bacteria that have cell walls that are harder to break35 and also in 228 
line with our postulation that effective gram-positive recovery will increase the observed diversity. 229 
The only significant negative association was with the InhibitEX tablet, which was included in the kit 230 
and which the manufacturer recommends for “absorb[ing] substances that can degrade DNA and 231 
  
inhibit downstream enzymatic reactions so that they can easily be removed by a quick centrifugation 232 
step”36, though our assessment suggests an adverse effect on DNA extraction quality. This analysis 233 
suggests specific modifications with which – also currently suboptimal – extraction methods could be 234 
improved, independent of all other variables. For example, introducing a bead beating step is likely 235 
to improve the extraction, independent of the specific commercial kit used; adding such a step to the 236 
only protocol using Mobio’s PowerSoil kit (protocol 3) would be expected to improve its 237 
performance. Our results may therefore generally inform the future development of better DNA 238 
extraction protocols.  239 
Protocol reproducibility and transferability across laboratories 240 
Based on the quality of the extracted DNA, species diversity as well as species-specific biases, we 241 
selected the five best performing protocols: 15, 7, 6, 9, and 1 (in this order), to be tested for 242 
reproducibility across laboratories (phase II). Protocols 15, 6 and 9 use the same Qiagen-based lysis 243 
and extraction kit and were combined into a slightly modified protocol, “Q” (Supplementary 244 
Information). Protocols 1 and 7 were coded as H and W, respectively. 245 
Laboratories that originally delivered DNA based on the protocol implementations Q, W and H, 246 
replicated those extractions in phase II, ensuring that the variability was comparable to that 247 
observed in the first set of extractions (Supplementary Figure 5).  248 
Each extraction method was established and performed in three other laboratories, which had no 249 
experience with the respective protocol, in order to assess the wider applicability of each as a 250 
standard extraction protocol. All three methods were reproducible across locations, though only 251 
protocol H had an effect below that of the smallest biological variation (i.e. within-sample). Protocols 252 
W and Q introduced a cross-lab effect comparable to within-sample variation (Supplementary Figure 253 
5).  254 
Although protocol H seemed to be more reproducible across facilities, it underestimated gram-255 
positive bacteria compared to the other two protocols (Supplementary Figure 5, and protocol 1 in 256 
Figure 4) and so yielded less diverse estimates of microbial composition. Protocol W, while also more 257 
reproducible (Supplementary Figure 5 and protocol 7 in Figure 4), is impractical and hard to 258 
automate as it involves the use of phenol-chloroform. Protocol Q recovers a highly diverse estimate 259 
of the microbial composition which it appears to achieve through lysis of gram-positive bacteria and 260 
does so in a way that is easy to implement and use across facilities.  261 
Protocol extraction accuracy 262 
In order to estimate the accuracy of the proposed extraction methods, we designed a mock 263 
community, with known bacterial species and respective abundances, to use as a baseline 264 
quantification. While this provides a standard to compare to, the culturing, mixing and accurate 265 
abundance estimation of such a community are complex. Historically, multiple attempts have met 266 
with problems in recovering the expected abundance profiles with either metagenomic or 16S rRNA 267 
gene amplicon sequencing18,28,35. Thus, we have designed our mock community with a focus on the 268 
recovery of gram positive and gram negative bacteria, highlighted here and in previous studies as an 269 
important source of variation between extraction methods16,37. As such, the mock community 270 
consists of 10 bacterial strains that are generally absent from the healthy gut microbiome. We 271 
accurately quantified cell numbers for each of the cultured species using optical density and cell 272 
counting by fluorescence activated cell sorting (FACS), before mixing them in such a way that their 273 
  
abundances in the mock community span three orders of magnitude to allow assessing the 274 
quantification accuracy over a large dynamic range (see Methods and Supplementary Table 2). We 275 
then added the mock community into stool samples from eight additional individuals and extracted 276 
DNA using the three best performing protocols. Using the mock spike-in as a baseline, we estimated 277 
extraction biases in the background of inter-individual microbiome variation. We found all three 278 
protocols to perform well (Figure 6) with protocol W performing best (median absolute error [MAE] 279 
of 0.39x) as expected from the previous analysis, closely followed by protocol Q (MAE = 0.42x). While 280 
the estimated abundances deviated less than 0.5 fold in most cases, the estimation of Clostridia 281 
abundances showed considerable variance (between 0.5 and 10 fold) even under the best 282 
performing protocols, highlighting directions for future improvements. 283 
Discussion  284 
We have shown that of all the factors quantified herein, variations in DNA extraction protocol have 285 
the largest effects on the observed microbial composition. The outcome of extraction protocols can 286 
be influenced by many variables and implementation details, creating a parameter space which is 287 
challenging to test exhaustively. This led us to consider methodologies already established across the 288 
field and thus compare between extraction protocols already in use in different laboratories. In this 289 
context we recognize the limits of our recommendations regarding which protocol steps are most 290 
crucial to prevent distortions, though we also note a good agreement between the ones identified 291 
here to results of previous, more focused comparisons13,14,35,37,38.  292 
Protocols were compared in their extraction quality and validated for transferability, ensuring 293 
reproducible use. Although for particular applications some of the tests are more important than 294 
others (e.g. in a multisite consortium reproducibility across labs is more important than in an in-295 
depth study in one location), overall protocol Q seems a compromise that should suit most 296 
applications. We further tested the quantification accuracy of the best performing protocols by using 297 
a mock community, and showed that protocol Q has a median absolute quantification error of less 298 
than 0.5x. 299 
We anticipate that procedures for DNA extraction will likely further improve in the future, but put 300 
forward protocol Q as a potential benchmark for these new methods. While we have only tested this 301 
methodology on stool, we believe it to be applicable to other kinds of samples. However, we caution 302 
that additional considerations may apply, such as that of kit contamination39, which may differ 303 
between the protocols investigated here and would, for example, have a high impact on samples 304 
with low biomass. 305 
The proposed protocol, together with standard practices for sample collection and the library 306 
preparation used can be found on the IHMS website (http://www.microbiome-standards.org/). 307 
Taken together, our recommendations, if implemented across laboratories, will greatly improve 308 
cross-study comparability and with this our ability to make stronger inferences about the properties 309 
of the microbiome. 310 
  
Online methods 311 
Library preparation and sequencing 312 
Library preparation started with fragmentation of 250 ng genomic DNA to a 150-700 bp range using 313 
the Covaris E210 instrument (Covaris, Inc., USA). The SPRIWorks Library Preparation System and SPRI 314 
TE instrument (Beckmann Coulter Genomics) were used to perform end repair, A tailing and Illumina 315 
compatible adaptors (BiooScientific) ligation. We also performed a 300-600 bp size selection in order 316 
to recover most of the fragments. DNA concentration measurements were all performed at 317 
Genoscope, using Qubit (fluorimetric dosage) and DNA quality was assessed by 0,7 % gel migration. 318 
DNA fragments were then amplified by 12 cycles PCR using Platinum Pfx Taq Polymerase Kit (Life 319 
Technologies) and Illumina adapter-specific primers. Libraries were purified with 0.8x AMPure XP 320 
beads (Beckmann Coulter). After library profile analysis by Agilent 2100 Bioanalyzer (Agilent 321 
Technologies, USA) and qPCR quantification, the libraries were sequenced using 100 base-length 322 
read chemistry in paired-end flow cell on the Illumina HiSeq2000 (Illumina, San Diego, USA). 323 
In the second library preparation protocol, the three enzymatic reactions were performed by a high 324 
throughput liquid handler, the Biomek® FX Laboratory Automation Workstation (Beckmann Coulter 325 
Genomics) especially conceived for library preparation of 96 samples simultaneously. The size 326 
selection was skipped. DNA amplification and sequencing were then performed as in the case of the 327 
first approach.  328 
Raw reads for all sequences samples have been deposited to ENA under BioProjectID ERP016524. 329 
Determining taxonomic and functional profiles 330 
For determining the taxonomic composition of each sample, shotgun sequencing reads were mapped 331 
to a database of selected single copy phylogenetic marker genes19 and summarized into species-level 332 
(mOTU) relative abundances. Functional profiles of clusters of orthologous groups (COGs) were 333 
computed using MOCAT29 by mapping shotgun sequencing reads to an annotated reference gene 334 
catalogue as described in Voigt et al.23. COG category abundances were calculated by summing the 335 
abundance of the respective COGs belonging to each category per sample, excluding NOGs. 336 
Comparison to other technical and biological variation 337 
To contextualize the size of the effect introduced by different extraction methods, we have assessed 338 
different effects caused by either technical or biological factors. These are due to: within protocol 339 
variation, library preparation, sample preservation, within specimen variation, between time-points 340 
samples from the same individual and between individuals. 341 
For assessing the variation induced by different preservation methods (namely freezing and RNA-342 
later) we use the data from Franzosa et al.24 and compared the same sample, preserved with the two 343 
different methods. For within specimen variation we used data from Voigt et al.23, where they have 344 
sampled the same stool multiple times at different locations along the specimen. As this study also 345 
used different storage methods for some samples, we are able to quantify the effect of both within-346 
specimen variation and storage together. For the between time point and individual effect 347 
assessment we used the data from the time series data from Voigt et al.23 as well as a subset of stool 348 
samples from the Human Microbiome Project31. To ensure comparability across such different 349 
studies we have computed distances between all samples on the same subset of relatively abundant 350 
  
microbes, by removing mOTUs whose summed abundance over all samples was below 0.01% of the 351 
total microbial abundance. 352 
For assessing library preparation induced variation, we used the same extracted DNA and subjected 353 
it to two library preparation methods (Supplementary Information). The first method was the one 354 
routinely used for all library preparations presented in the study. 355 
Determining significantly different species 356 
A Kruskal-Wallis test was applied for each species with non-zero abundance in at least two protocols, 357 
across both samples. To account for multiple testing, we applied a Bonferroni correction to the test 358 
p-values and rejected the null for any corrected values below 0.05.  359 
Mock community cultivation 360 
Bacteria were cultivated at 37°C under anaerobic conditions in a Vinyl Anaerobic Chamber (COY) 361 
inflated with a gas mix of approximately 15% carbon dioxide, 83% nitrogen and 2% hydrogen. For 362 
long-term storage, cryovials containing freshly prepared bacterial cultures plus 7% DMSO were 363 
tightly sealed and frozen at -80°C. Prior to the experiment, bacteria were pre-cultivated twice using 364 
modified Gifu Anaerobic Medium broth (mGAM, 05433, HyServe). Bacteria were mixed based on 365 
their OD, pelleted by centrifugation and re-suspended in 0.05 Vol RNAlater® Stabilization Solution 366 
(AM7020, Thermo Fisher Scientific). 50 µL of this suspension were distributed to 2 mL safe-lock tubes 367 
(30120094, Eppendorf) and frozen at -80°C for later DNA extraction and sequencing.  368 
When assessing the relative abundances obtained from sequencing the mock community alone, we 369 
note the presence of ~6% Escherichia coli across all extractions, likely a contamination of the mock 370 
community itself and not a result of the DNA extraction. As we did not quantify the input of E. coli it 371 
was not considered in subsequent evaluation. Apart from this and after rarefying to comparable 372 
numbers of reads across the three tested protocols we find no evidence of extraction specific 373 
contaminants. However, this may be due to the large quantity of input material which would mask 374 
the kit contaminants that are likely in low abundance16.  375 
Flow Cytometry 376 
Bacterial cells were fixed in 70% Ethanol and stored at 4°C for later analysis at the cytometer. Cells 377 
were pelleted and rehydrated in PBS with 1mM EDTA aiming at a dilution of 0.6 OD600. We used 378 
propidium iodide (PI, Sigma-Aldrich, stock concentration 1 mg/mL resuspended in milliQ H2O) at a 379 
final concentration of 20 μg/mL. as fluorescent probe to label bacterial DNA. The cell suspension was 380 
sonicated five times for 10 seconds (0.5 seconds ON, 0.5 seconds OFF, 10% amplitude, Branson 381 
Sonifier W-250 D, Heinemann) interrupted by 4 min of cooling.      382 
Samples were analyzed using a BD Accuri™ C6 Cytometer (BD Biosciences) equipped with a 488nm 383 
laser. PI fluorescence signal was collected using a 585/40 bandpass filter. Absolute bacterial cell 384 
numbers were determined by addition of 50 μL of CountBright™ absolute counting beads (C36950, 385 
Thermo Fisher Scientific) with known concentration.  At least 2000 beads were acquired for each 386 
sample and bacterial numbers were calculated following the manufacturer´s indications. Post-387 
acquisition analysis was done with FlowJo software 10.0.8 (Tree Star, Inc.). Sampling and FACS 388 
analysis was performed in duplicate and. 389 
  
Principal coordinate analysis 390 
Principal coordinate analysis was performed with the R ade4 package (version 1.6.2), using the 391 
dudi.pco function.  392 
 393 
  394 
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Figure legends 501 
 502 
Figure 1: Schematic workflow of human fecal samples processing. 503 
Illustration of the main steps involved in extracting and analyzing DNA sequences from human fecal 504 
samples, from collection to bioinformatics analysis. Importantly, none of the outlined steps are 505 
standardized, which may introduce strong effects between different studies, making their results 506 
hard to compare. For example, differences between freezing and RNA-later fixation have been 507 
previously described23 to bias the measured sample composition.  508 
  
 509 
Figure 2: Quality control of extracted DNA 510 
Quality (a) and quantity (b) of extracted DNA from 21 different protocols. a) Percentage of DNA 511 
molecules shorter than 1.8 kb, b) quantity of extracted DNA. Protocols failing quality cut-offs 512 
(indicated by dashed lines) for either measurement are highlighted in red and boxed. 513 
  
 514 
Figure 3: Effect of DNA extraction protocol and library preparation on sample composition  515 
Using both a Euclidean and an Spearman distance measure (see Methods) on species abundances 516 
(using mOTU19)  (a) as well functional abundances (using COGs33) (b), shows the relative effect size of 517 
different sources of variation. These have been assessed on independent samples from different 518 
studies and thus also capture additional differences. The library preparation and the within-protocol 519 
variation are the smallest effects, while the between protocol variation may be greater than some 520 
biological effects23,24. Heat maps on the right show all pairwise distances between protocols, 521 
highlighting which protocol may be considered comparable and which not under different measures 522 
of similarity as encoded by letters D,H and G on the bottom-right.  523 
  
 524 
Figure 4: Species specific abundance variation  525 
Assessing variation of species abundances shows that biases are consistent across the two samples. 526 
Considering species for which the abundances are significantly different between extraction 527 
protocols (Kruskal-Wallis test, FRD corrected p-value < 0.05) we show that gram-positive bacteria are 528 
heavily under-estimated compared to the mean across the five highest recovered ratios, while gram-529 
negative bacteria are only slightly, though significantly skewed. Abundances are calculated using 530 
mOTUs19 , with only those having a species level annotation being shown. 531 
  
 532 
Figure 5: Effects of protocol manipulations on sample composition 533 
Out of 22 protocol descriptors that vary between the Qiagen based methods, 7 are significantly 534 
associated with diversity outcomes. Associations are coded as negative (red) and positive (blue), with 535 
significance highlighted by * < 0.05 and ** < 0.01. P-values have been FDR corrected for multiple 536 
testing.  537 
  
 538 
Figure 6: Mock community extraction quality 539 
Using 10 bacterial species, mixed at known relative abundances, as a baseline, we show that the 540 
estimation obtained from the different extraction methods are generally correct, using a median 541 
absolute error measure. To account for compositional effects, we report log-ratio transformed 542 
values, relative to the geometric mean. The top panel shows the median estimated abundance across 543 
ten extractions, with the ground truth value indicated by a dashed line for each species. With gray 544 
bars we show the estimated abundance from optical density measurements of the mock community. 545 
In the bottom panel we show the full distribution of the estimated abundances and highlight that 546 
obtained by extracting DNA from the mock community itself, as opposed to extracting DNA from a 547 
sample to which the mock community has been added before extraction. Gram positive bacterial are 548 
highlighted by a gray background the two panels. 549 
 550 
